Tyrosine kinase phosphorylation plays an important role in the induction of long-term potentiation (LTP). Focal adhesion kinase (FAK)is
Introduction
Accumulative evidence has indicated that protein tyrosine phosphorylation is necessary for the induction of long-term potentiation (LTP) (Soderling and Derkach, 2000) . For example, application of protein tyrosine kinase inhibitor has been shown to block LTP induction (O'Dell et al., 1991) , whereas activation of tyrosine receptor kinase contributes to the expression of LTP (Maguire et al., 1999) . The NMDA receptor (NMDAR) is known to play an essential role in LTP induction (Collingridge and Bliss, 1995) . Evidence indicates that NMDARs are regulated by tyrosine phosphorylation (Lau and Huganir, 1995) and that LTP in dentate gyrus is correlated specifically with tyrosine phosphorylation of the NMDAR subunit 2B (NR2B) (Rosenblum et al., 1997) . These results suggest that signaling via tyrosine kinase plays an important role in the synaptic plasticity of hippocampal neurons.
Tyrosine kinases can be divided into two categories. One is the membrane-spanning receptor tyrosine kinase that transduces signals from growth factors and neurotrophic factors. The other is the nonreceptor tyrosine kinase associated with the cytoplasmic domain of the plasma membrane (Koch et al., 1991) . Study shows that deletion of the gene encoding the Fyn nonreceptor tyrosine kinase impairs LTP in fyn mutant mice (Grant et al., 1992) . This impairment in LTP is rescued by introducing the fyn gene even though the morphological abnormalities are still present (Kojima et al., 1997) . On the other hand, overexpression of the constitutively activated mutant of fyn reduces the threshold for LTP induction and enhances synaptic transmission (Lu et al., 1998) . In addition, transgenic mice express a constitutively activated form of fyn that enhances tyrosine phosphorylation of NR2B (Kojima et al., 1998) . These results suggest that the nonreceptor tyrosine kinase Fyn is important for the induction of LTP and for the phosphorylation of NMDARs.
There are nine proteins that show decreased phosphorylation in fyn mutant mice; one of these proteins is focal adhesion kinase (FAK) (Grant et al., 1995) . FAK is a 125 kDa nonreceptor tyrosine kinase that is expressed maximally in the CNS at the end of embryonic development. It also is found in the adult brain at levels higher than those in other tissues, especially in the cerebral cortex and hippocampus (Burgaya et al., 1995) . In primary cultures FAK is found to localize in focal adhesions, whereas in mature neurons FAK is distributed in the cytoplasm and growth cones (Burgaya et al., 1995) . These observations suggest that FAK may be impli-cated in neural plasticity in the adult brain. Indeed, an increase in Fyn phosphorylation and the association of Fyn with FAK have been reported in CA1 neurons after tetanic stimulation (Lauri et al., 2000) . Tyrosine phosphorylation of FAK also is increased markedly with glutamate stimulation in hippocampal slices (Siciliano et al., 1996) . Although the above results suggest a possible association between FAK and LTP, a direct relationship between FAK and LTP has not been demonstrated. Whether FAK is associated with the NMDAR also is not known. The present study was aimed to examine whether FAK plays an important role in LTP induction and whether FAK is associated with NMDAR phosphorylation at LTP induction.
Materials and Methods
Animals. Adult male Sprague Dawley rats, weighing 250 -350 gm, bred in the Institute of Biomedical Sciences, Academia Sinica in Taiwan, were housed five per cage in a temperature-regulated room (23 Ϯ 2°C) and maintained on a 12 hr light/dark cycle (lights on at 6:30 A.M.) with food and water continuously available. All procedures were adopted according to the Guidelines of Animal Use and Care of National Institutes of Health.
LTP recording and drug administration. The procedure used for LTP recording in dentate gyrus neurons was according to that of Wang et al. (1998) with minor modifications. Rats were anesthetized with urethane (1.4 gm/kg, i.p.) and placed on a stereotaxic instrument. Platinum concentric bipolar-stimulating electrodes were positioned unilaterally into the dorsomedial perforant pathway at 8.3 mm posterior to bregma, 4.4 mm lateral to the midline, and 2.7 mm below the skull surface. The recording electrodes were positioned 3.5 mm posterior to bregma and 2.0 mm from the midline. Electrodes were positioned to maximize hilar field potentials evoked by medial perforant path stimulation. Stimulation was 50 sec in duration pulses delivered at a frequency of 0.033 Hz. An input-output curve was obtained over the range of 50 -400 A. Stimulus intensities ranged from 125 to 250 A and produced an average field EPSP (fEPSP) amplitude of 6 -10 mV. For induction of LTP four sets of tetanic stimulation were delivered at 10 min intervals after a 30 min baseline recording. Each set consisted of five trains of 10 pulses at 400 Hz with 1 sec between trains. The pulse widths in the four sets of trains were 50, 100, 150, and 200 sec, respectively. The subthreshold stimulation consisted of only two sets of tetanic stimulation with pulse widths of 50 and 100 sec, respectively. In a separate series of experiments the effect of low-frequency stimulation (LFS) was assessed. For LFS each set consisted of 50 pulses at 2 sec intervals. The pulse widths in the four sets of trains were 50, 100, 150, and 200 sec, respectively. Control rats received baseline stimulation only. LTP was measured as the percentage of baseline in the initial slope of fEPSP at 1.52 msec.
A 100 mM stock solution of D,L-2-amino-5-phosphopentonate (D,L-APV, Tocris, Bristol, UK) was made up in equimolar NaOH and was diluted to 200 M with artificial CSF (ACSF). A 1 M stock solution of ( R, S)-␣-methyl-4-carboxylphenylglycine (MCPG) was prepared in equimolar NaOH and was diluted to 200 mM with ACSF. MEK inhibitor (PD98059, Calbiochem, San Diego, CA) was dissolved in 100% DMSO for a 20 mM stock solution, and a final concentration of 75 M PD98059 (0.375% DMSO) was diluted with ACSF. Drugs were infused (0.8 l, 0.25 l/min) to the recording site, and LTP was recorded 10 min later.
Synaptosome preparation and immunoprecipitation. The dentate gyrus was homogenized in PBS, pH 7.4, containing 0.32 M sucrose, using a Teflon glass homogenizer. The homogenate was centrifuged at 1000 ϫ g for 10 min to discard the nuclei pellet. Then the supernatant was spun at 12,000 ϫ g for 30 min, and the resulting pellet (P2) containing synaptosomes was resuspended in 50 mM Tris-HCl, pH 8.0, 150 mM NaCl buffer containing (in mM) 2 EDTA, 1 Na 3 VO 4 , 10 NaF, and 1 PMSF plus (in g/ml) 20 pepstatin A, 20 leupeptin, and 20 aprotinin, followed by incubation for 30 min. For immunoprecipitation, 100 g of crude synaptosomes was precleared with normal goat anti-rabbit IgG and protein G-Sepharose (Amersham Biosciences, Arlington Heights, IL) twice. Once precleared, anti-FAK[pY 397 ] (7 g; BioSource, Camarillo, CA), NR2A, or NR2B (5 g; Chemicon, Temecula, CA) antibodies were added to the supernatant for at least 15 hr at 4°C. Then 120 l of 50% protein G-Sepharose was added for 2 hr at 4°C. The immunoprecipitates were isolated by centrifugation, washed three times with binding buffer, and washed once with PBS. The beads were boiled in 2.5ϫ Laemmli sample buffer (with DTT) for 10 min.
Immunoblotting. The dentate gyrus was sonicated in lysis buffer containing (in mM) 50 Tris-HCl, pH 8.0, 150 NaCl, 2 EDTA, 1 Na 3 VO 4 , 10 NaF, and 1 PMSF plus 1% NP-40 and (in g/ml) 20 pepstatin A, 20 leupeptin, and 20 aprotinin. The lysate was centrifuged at 14,000 ϫ g for 10 min at 4°C to get the crude cytosolic fraction. For cAMP-responsive element binding protein (CREB) determination the dentate gyrus was homogenized in buffer containing 0.32 M sucrose and (in mM) 20 TrisHCl, pH 7.4, 1 EDTA, 1 EGTA, 1 PMSF, 1 Na 3 VO 4 , and 10 NaF plus (in g/ml) 20 pepstatin A, 20 leupeptin, and 20 aprotinin. The homogenate was centrifuged at 900 ϫ g for 10 min, and the pellet was collected as the nuclear fraction.
Equal amounts of sample extract (25 g) and 15 g of synaptosome extract or immune complex were subjected to SDS-PAGE and transferred to the polyvinylidene difluoride membrane (Millipore, Bedford, MA). The membrane was blocked with 2% BSA and then incubated with anti-phosphotyrosine (mAb 4G10), phospho-extracellular signalregulated kinase (ERK) 1/2, phospho-CREB, ERK1/2 or CREB, phosphatidylinositol 3-kinase (PI3-kinase; Upstate Biotechnology, Lake Placid, NY), NR1, NR2A, NR2B (Chemicon), and FAK [pY 397 ] (BioSource) antibodies. After being washed, the blot was incubated with HRPconjugated secondary antibody and was visualized via chemiluminescence (Amersham Biosciences). For reprobing, the blot was stripped in 0.2 M glycine, pH 2.5, and 0.05% Tween 20 at 80°C for 30 min and then rinsed twice with 0.09 M boric acid, pH 7.4, 0.9% NaCl, and 0.05% Tween 20. The membrane was reblocked and incubated with the monoclonal antibody against FAK (clone 2A7; Upstate Biotechnology). Biotinylated rabbit anti-mouse IgG antibody (DAKO, Glostrup, Denmark) was used as the secondary antibody. Finally, the membrane was incubated with HRP-conjugated avidin-biotin complex (DAKO). The protein bands were quantified by using a computing densitometer with ImageQuant software (Molecular Dynamics, Sunnyvale, CA).
Site-directed mutagenesis and plasmid DNA construction. The fulllength mouse FAK cDNA containing triple hemagglutinin (HA) epitope tag at the C terminus and cloned in KpnI-XbaI-digested pcDNA3 CMV promoter-driven expression vector [HA-FAK(WT); Invitrogen, San Diego, CA] was generated. Site-directed mutagenesis was used to produce the HA-FAK(Y397F) construct, the kinase-dead and the dominantnegative mutant construct of FAK in which the Tyr-397 phosphoacceptor site was changed to the phenylalanine codon by the PCR method. In addition, site-directed mutagenesis was used to produce the HA-FAK(⌬1-100) construct, the constitutively activated form of FAK, also by the PCR method according to that described by Schlaepfer and Hunter (1996) .
Preparation of DNA/PEI complexes and intrahippocampal gene transfection. Plasmid DNA was diluted in 5% glucose, aliquoted at concentrations of 5 g/l, and stored at Ϫ20°C. Polyethylenimine (PEI) of 25 kDa (Aldrich, Milwaukee, WI) was used as the transfection agent. Immediately before infusion, 0.1 M PEI was added to reach a ratio of PEI nitrogen per DNA phosphate equal to 10. The mixture was vortexed for 30 sec and allowed to equilibrate for 15 min at room temperature (RT) before stereotaxic infusion (Abdallah et al., 1996) .
Rats were anesthetized with sodium pentobarbital (50 mg/kg, i.p.) and received unilateral intradentate gyrus infusions. Infusions were made at 3.5 mm posterior to bregma, 2.0 mm from the midline, and 3.5 mm below the skull surface. The plasmid DNA/PEI (1 l) was injected at a rate of 0.4 l/min. Control rats received the nonrecombinant pcDNA3 and PEI mixture in the same conditions. LTP recording ipsilateral to the transfection side started 48 hr later.
Immunohistochemistry. At 2 d after transfection the rats were anesthetized with pentobarbital (100 mg/kg, i.p.) and perfused with ice-cold PBS buffer (100 mM, pH 7.4), followed by 4% paraformaldehyde. Brains were removed and postfixed in 20% sucrose/4% paraformaldehyde solution for 20 -48 hr. After postfixation, brains were frozen, cut into 20 m sections on a cryostat, and mounted on poly-L-lysine-coated slides. Sec-tions were permeabilized in prechilled 95% ETOH/5% CH 3 COOH for 5 min, followed by preincubation with 4% normal goat serum, 3% BSA, and 0.2% Triton X-100 for 1 hr at RT. Then the sections were incubated with mouse 12CA5 monoclonal anti-HA antibody ( Boehringer Mannheim, Indianapolis, IN) at 4°C overnight. Next the FITC-conjugated secondary antibody (Sigma, St. Louis, MO) was used for incubation for 1 hr at RT. Digital photomicrographs were taken with an Olympus digital C-3030 camera mounted on a Zeiss (Oberkochen, Germany) microscope. Digital images were adjusted with the Adobe Photoshop software (Mountain View, CA).
Results

LTP induction induces FAK, MAPK/ERK, and CREB activation
Because the fyn mutant mice show impaired LTP (Grant et al., 1992) and decreased FAK phosphorylation (Grant et al., 1995) and because of the association of Fyn with FAK with tetanic stimulation (Lauri et al., 2000) , we examined the relationship between LTP induction and FAK activation in this experiment. The dentate gyrus tissue from the stimulation side was punched out at 5, 10, 20, 40, and 60 min after tetanic stimulation in separate groups of animals. Figure 1 A shows that tetanic stimulation consistently increased the slope of fEPSP in all groups of rats (ranging from 128 to 180% of baseline). Figure 1 B illustrates the representative gel pattern of FAK and phosphorylated FAK bands (n ϭ 6 for each group). Densitometry analysis revealed that there was an overall significant effect of tetanic stimulation on FAK phosphorylation (F (5,30) ϭ 3.80; p Ͻ 0.01). Further analyses revealed that FAK phosphorylation was increased transiently but significantly at 5 and 10 min after LTP induction (3.8-fold increase, tD ϭ 2.93, p Ͻ 0.05; 4.6-fold increase, tD ϭ 3.82, p Ͻ 0.01) and gradually declined thereafter. Meanwhile, the FAK protein level remained relatively the same at all time points that were examined ( Fig.  1 B) .
Previous studies have shown that LTP-inducing stimuli produce mitogen-activated protein kinase (MAPK) activation (English and Sweatt, 1996) and that inhibition of MAPK blocks the induction of LTP in hippocampal slices Sweatt, 1996, 1997) . Recent studies have shown further that MAPK/ERK activation contributes to LTP and other forms of synaptic plasticity in hippocampal neurons (Coogan et al., 1999; Davis et al., 2000) . However, the time course relationship between LTP induction and MAPK/ERK activation has not been characterized yet. We examined this relationship in the present experiment. Both forms of MAPK/ERK, p44/ERK1 and p42/ERK2, were examined. Figure 1C illustrates the representative gel pattern of ERK1 and ERK2 bands as well as phosphorylated ERK1 and ERK2 bands (n ϭ 8 for each group). Densitometry analysis revealed that ERK1 phosphorylation was increased transiently but significantly 5 min after tetanic stimulation (fivefold increase, tD ϭ 3.30, p Ͻ 0.05; Fig. 1C ). There was an overall significant effect of tetanic stimulation on ERK2 phosphorylation (F (5,42) ϭ 4.75; p Ͻ 0.01). Further analyses revealed that ERK2 phosphorylation was increased markedly at 5 and 10 min after tetanization (5.1-fold increase, tD ϭ 4.17, p Ͻ 0.01 and 3.6-fold increase, tD ϭ 2.24, p Ͻ 0.01; Fig. 1C ). This change in time course parallels with that of FAK phosphorylation (Fig. 1 B) . Meanwhile, the protein levels of ERK1 and ERK2 remained unchanged at all time points that were examined (Fig. 1C) .
Inhibition of MAPK/ERK has been shown to block LTPinduced CREB activation (Davis et al., 2000) , and CREB phosphorylation is suggested to regulate short-to long-term synaptic changes (Abel et al., 1998) . We similarly have examined the time course relationship between LTP induction and CREB activation. Results revealed that there was not an overall significant effect of tetanic stimulation on CREB activation (F (5,30) ϭ 0.41; p Ͼ 0.05); however, CREB phosphorylation was increased markedly at 40 min, but not other time points, after LTP induction (1.6-fold increase, tD ϭ 2.04, p Ͻ 0.05; Fig. 1 D) . The protein levels of CREB were similar in all groups that were examined (Fig. 1 D) . If FAK plays an important role in the induction of LTP, blockade of FAK activation should impair LTP. Because FAK deficiency is lethal at developmental stages (Furuta et al., 1995) , we have transfected the dominant-negative mutant of FAK, HA-FAK(Y397F), to the dentate gyrus and examined its effect on LTP induction. The nonviral PEI gene transfer technique was used because of its lack of toxicity and its efficiency in transferring plasmid DNA into the adult brain (Boletta et al., 1995; Abdallah et al., 1996) . A complex consisting of 2 g of plasmid DNA and 25 kDa PEI at a charge ratio of 10 equivalents was infused into the dentate gyrus (0.4 l/min), and LTP was recorded 2 d later. At the end of recording the animals were subjected to immunohistochemistry staining of HA by using FITC-conjugated secondary antibody. As shown in Figure 2 A, transfections of pcDNA3 vector (n ϭ 5) and the HA-FAK(WT) construct (n ϭ 6) both produced a consistent increase in the slope of fEPSP (61-120 min) (147 and 143% of baseline, tD ϭ 63.8 and 42.3; p Ͻ 0.01). However, transfection of the HA-FAK(Y397F) construct (n ϭ 10) significantly reduced the slope of fEPSP (61-120 min) when compared with the pcDNA3 vector group (117 vs 147% of baseline, tD ϭ 5.15; p Ͻ 0.01).
Dominant-negative mutant of FAK attenuates tetanization-induced LTP
Constitutively activated FAK construct reduces the threshold for LTP induction
The above results demonstrate that FAK plays an important role in the induction of LTP. In the present experiment we further examined whether FAK affects the threshold for LTP induction. Two sets, instead of four sets, of tetanic stimulation were delivered to animals to elicit reduced magnitude of LTP. As shown in Figure 2 B, this subthreshold stimulation induced a lesser degree of postsynaptic excitation (41-100 min; 117% of baseline; n ϭ 6). However, transfection of the constitutively activated form of FAK, HA-FAK(⌬ 1-100), significantly increased the slope of fEPSP (41-100 min) [140% of baseline, n ϭ 5 (t (1,9) ϭ 2.42; p Ͻ 0.05) when compared with the pcDNA3 vector group]. Further analysis revealed that this effect was significant as early as the first train (T1) stimulation (t (1,9) ϭ 1.96; p Ͻ 0.05). Moreover, a population spike of dentate gyrus neurons was observed more frequently in HA-FAK(⌬1-100)-transfected animals with tetanic stimulation (insets of Fig. 2 B) .
We further analyzed whether FAK alters basal synaptic transmission of dentate gyrus neurons. By examining the relationship between stimulation intensity and postsynaptic response, we found that neither HA-FAK(Y397F) nor HA-FAK(⌬1-100) transfection significantly altered the input-output relationship across a wide range of stimulation intensities that were examined (F (2,14) ϭ 0.26; p Ͼ 0.05; Fig.  2C ).
To confirm the efficiency of FAK plasmid DNA transfection, we have conducted an immunohistochemistry experiment that used FITC-conjugated secondary antibody to detect HA epitope-positive cells. Results revealed that no fluorescence labeling was observed in non-HA vectortransfected animals. However, fluorescence labeling of dentate gyrus neurons was observed clearly in HA-FAK DNA-transfected animals (Fig. 2 D) .
LTP-induced FAK phosphorylation is NMDARand mGluR-independent
The above results demonstrated that LTP induction induces FAK phosphorylation. Because both the NMDAR and mGluR are suggested to be involved in LTP induction (Bashir et al., 1993) , in the present experiment we examined whether LTP-induced FAK phosphorylation is dependent on NMDAR and mGluR activation. D,L-APV, a competitive antagonist of NMDAR, was infused to the dentate gyrus 10 min before LTP recording. (Fig. 3A) . To clarify the specific relationship between FAK phosphorylation and LTP induction, we have included the LFS group as a control. Results revealed that LFS did not affect fEPSP slope and FAK phosphorylation (tD ϭ 1.14 and 0.04; both p Ͼ 0.05; Fig. 3A) . The above results revealed that LTP induction, but not LFS, induces FAK phosphorylation. To examine further whether MAPK/ERK and CREB phosphorylation is a specific event with LTP induction, we have adopted the D,L-APV manipulation and LFS as a control in a separate group of rats (n ϭ 4 for each group). Results from Figure 3B revealed that high-frequency stimulation produced a consistent and marked increase in the slope of fEPSP (tD ϭ 15.74; p Ͻ 0.01), which was blocked by previous D-APV treatment. LTP induction also induced a significant increase in ERK2 phosphorylation (tD ϭ 2.98; p Ͻ 0.01), but this effect was not blocked by D,L-APV pretreatment (tD ϭ 3.02; p Ͻ 0.01 when comparing the D,L-APVϩLTP group with the control group). On the other hand, LFS did not affect fEPSP slope and ERK2 phosphorylation markedly (tD ϭ 0.62 and 0.05; both p Ͼ 0.05).
We next examined the causal relationship between LTP induction and CREB phosphorylation in a different batch of animals by using the same strategy (n ϭ 4 -5 for each group). Results from Figure 3C revealed that high-frequency stimulation produced a consistent increase in fEPSP slope (tD ϭ 13.73; p Ͻ 0.01), which was blocked by D,L-APV pretreatment. LTP induction also induced a marked increase in CREB phosphorylation (tD ϭ 3.31; p Ͻ 0.01), but this effect was inhibited only partially by previous D,L-APV treatment (tD ϭ 2.06; p Ͻ 0.05 when comparing the D,L-APVϩLTP group with the control group). Consistent with the above results, LFS did not alter fEPSP slope and CREB phosphorylation markedly (tD ϭ 1.93 and 0.63; both p Ͼ 0.05).
MAPK/ERK and CREB are downstream molecules of FAK activation with LTP induction
Although the above results demonstrated that LTP induction induces both FAK and MAPK/ERK activations and the time course of these activations parallels each other, it is not known whether MAPK/ERK is a downstream event of FAK activation with LTP induction. In the present experiment LTP was recorded similarly 2 d after HA-FAK(Y397F) transfection to the dentate gyrus. Then the dentate gyrus was dissected out 10 min after LTP induction for FAK and ERK determinations. As shown in Figure 4 A, HA-FAK(Y397F) transfection produced a consistent and significant decrease of fEPSP slope when compared with the pcDNA3 vector group (61-70 min) [122 vs 157% of baseline, n ϭ 7 and 5 (t (1,10) ϭ 3.7; p Ͻ 0.01)]. Further densitometry analysis revealed that there was a significant decrease in FAK phosphorylation (t (1,10) ϭ 2.89; p Ͻ 0.01; Fig. 4 A, middle panel) and ERK2 phosphorylation (t (1,10) ϭ 2.92; p Ͻ 0.01; Fig. 4 A, bottom panel) in HA-FAK(Y397F)-transfected animals. The protein levels for FAK and ERK2 remained similar in these two groups of animals. We then investigated whether CREB is a downstream event of FAK activation with LTP induction. HA-FAK(Y397F) was transfected similarly into the dentate gyrus, and LTP was recorded 2 d later. The dentate gyrus tissue was dissected out 40 min after LTP induction for CREB determination. Results from Figure 4 B revealed that HA-FAK(Y397F) transfection produced a consistent decrease in fEPSP slope when compared with the pcDNA3 vector group [147 vs 126% of baseline, n ϭ 5 and 4 (t (1,7) ϭ 3.28; p Ͻ 0.01)]. Further analysis indicated that HA-FAK(Y397F) transfection also markedly decreased CREB phosphorylation (t (1,7) ϭ 3.18; p Ͻ 0.01) without significantly altering the CREB protein level (Fig. 4 B) . To clarify further whether CREB phosphorylation is a downstream event of MAPK/ERK activation, we infused a specific inhibitor of MAPK/ERK, PD98059, to the dentate gyrus 10 min before LTP recording. As shown in Figure 4C , PD98059 (75 M) impaired LTP at a relatively late stage of LTP recording (91-100 min) [114 vs 146% of baseline, both n ϭ 5 (t (1,8) ϭ 2.5; p Ͻ 0.05)]. Further analysis revealed that there was a significant decrease in CREB phosphorylation in PD98059-treated rats 40 min after LTP induction [ACSF vs PD98059 (q (2,11) ϭ 126; p Ͻ 0.05); Fig. 4C ].
Association of FAK[pY 397 ] with NR2A and NR2B is increased with tetanic stimulation
The results above suggest that FAK plays an important role in the induction of LTP. Then how might FAK be involved in LTP induction? Previous studies have shown that the association of Fyn with FAK is increased with tetanic stimulation (Lauri et al., 2000) . Further, Fyn is known to phosphorylate NMDARs in vivo (Kojima et al., 1998) . It is possible that increased activation of FAK may enhance tyrosine phosphorylation of NMDARs. This experiment examined this hypothesis. As shown in Figure 5A , FAK [pY 397 ] is associated with NR1, NR2A, NR2B, and PI3-kinase in hippocampal synaptosomal fraction under baseline stimulation. The association of FAK [pY 397 ] with NR2A and NR2B is increased with tetanic stimulation, but its association with NR1 and PI3-kinase remained unchanged. Further, transfection of the mutant construct HA-FAK(Y397F) prevented this increased association of FAK [pY 397 ] with NR2A and NR2B. To confirm further the obtained results, we performed immunopre- ] with NR2A and NR2B as well as the increased tyrosine phosphorylation of NR2A and NR2B. A, Precleared synaptosomal fraction (100 g) from dentate gyrus was immunoprecipitated with anti-FAK[pY 397 ] antibody, followed by immunoblotting with anti-NR1, NR2A, NR2B, PI3-kinase, and FAK antibodies. Increased association with NR2A and NR2B was observed with tetanic stimulation. This association was decreased in the HA-FAK(Y397F)-transfected group. The association of FAK [pY 397 ] with NR1 and PI3-kinase remained similar. B, Immunoprecipitation was performed by using anti-NR2A and anti-NR2B antibodies, followed by immunoblotting with anti-FAK [pY 397 ], FAK, phosphotyrosine, NR2A, and NR2B antibodies. Similarly, the association of FAK [pY 397 ] with NR2A and NR2B as well as the tyrosine phosphorylation of NR2A and NR2B was increased with tetanic stimulation. This increased association was prevented by HA-FAK(Y397F) transfection. The association of nonphosphorylated FAK with NR2A and NR2B was unchanged; n ϭ 3-5 for each group. cipitation with NR2A and NR2B. As shown in Figure 5B , increased association of NR2A and NR2B with FAK [pY 397 ] as well as increased tyrosine phosphorylation of NR2A and NR2B was observed with tetanic stimulation. This effect was blocked by HA-FAK(Y397F) transfection. Meanwhile, the FAK protein level remained similar in all groups.
Discussion
The present results have shown that both FAK phosphorylation and MAPK/ERK phosphorylation were increased 5 and 10 min after LTP induction in dentate gyrus neurons. Transfection of the HA-FAK(Y397F) construct impaired LTP induction, whereas transfection of the constitutively activated form HA-FAK(⌬1-100) reduced the threshold for LTP induction. FAK, MAPK/ERK, and CREB phosphorylation was decreased in HA-FAK(Y397F)-transfected animals, and CREB phosphorylation was decreased with MAPK/ERK inhibition. These results suggest that FAK is required for LTP induction and that MAPK/ERK activation followed by CREB activation is the downstream event of FAK activation. Then how might FAK be involved in LTP induction? There are several possible explanations. First, FAK activation may enhance tyrosine phosphorylation of the NMDAR. This speculation is supported by the present finding that the association of phosphorylated FAK with NR2A and NR2B is increased with LTP induction, and this effect is blocked by HA-FAK (Y397F) transfection (Fig. 5) . These results are consistent with the reports that phosphorylation of the NR2A and NR2B subunits is increased with LTP induction (Rosenblum et al., 1996; Rostas et al., 1996; Grosshans et al., 2001) and that upregulation of NMDAR current is mediated by tyrosine phosphorylation (Yu and Salter, 1999) . Then how might FAK affect NMDAR? One possibility is that FAK phosphorylation may activate NMDAR directly and enhance NMDAR signaling that is required for LTP induction. However, this would require a direct measure of NMDAR current, and it awaits further investigation. Otherwise, FAK may modulate NMDAR activation via phosphorylation of other cytoplasmic proteins associated with the NMDAR, such as Fyn and Src (Yu et al., 1997) . Further, the present results suggest that FAK probably does not interact with the NR1 subunit and PI3-kinase signaling pathway during LTP induction because the association of phosphorylated FAK with NR1 and PI3-kinase was not changed with tetanic stimulation. These results are consistent with the findings that NR2A and NR2B, but not NR1, subunits are phosphorylated on tyrosine residues (Lau and Huganir, 1995) and that PI3-kinase is required for the expression, but not the induction, of LTP in CA1 neurons (Sanna et al., 2002) .
Second, FAK may modulate the activity of protein kinase C (PKC) that is required for LTP induction (Malinow et al., 1989; Wang and Feng, 1992) . This explanation is supported by the finding that FAK promotes phospholipase C (PLC)-␥1 activity (Zhang et al., 1999) , and PLC is known to activate PKC via diacylglycerol. Third, FAK may be involved in cell adhesion molecule signaling, which plays an important role in synaptic plasticity and behavioral plasticity. For example, FAK is known as the primary mediator of integrin signaling (Hanks and Polte, 1997) , whereas blockade of integrin function is known to impair LTP stabilization (Bahr et al., 1997) and memory consolidation in rats (Lee et al., 2000) . Neural cell adhesion molecule (NCAM) is another member of the cell adhesion molecule family, and FAK is shown to mediate NCAM signaling involved in neurite outgrowth (Schmid et al., 1999) . Because blockade of NCAM function is shown to impair LTP (Cremer et al., 1998) and spatial learning in rats (Arami et al., 1996) , FAK also may mediate NCAM signaling involved in these functions. Alternatively, FAK may interact directly or indirectly with other cell adhesion molecules that also are involved in synaptic plasticity. For example, FAK mediates the signaling pathway of integrin-associated protein (Chung et al., 1997) that also is involved in LTP and memory process in rats and mice (Huang et al., 1998; Chang et al., 1999) .
After demonstration of an increased association of FAK [pY 397 ] with NR2A and NR2B, we next asked the question whether FAK activation is a downstream event of NR2A and NR2B activation with LTP induction. Results revealed that blockade of NMDAR by D-APV did not prevent tetanization-induced increase in FAK, MAPK/ERK, and CREB phosphorylation. These results suggest that there may be multiple signaling pathways underlying LTP induction, but FAK, MAPK/ERK, and CREB are not downstream events of NMDAR activation. This suggestion is supported by the finding that the ERK cascade is required for NMDAR-independent LTP (Kanterewicz et al., 2000) . Further, activation of the cholinergic system results in activation of the fak family (Lev et al., 1995) , and coactivation of ␤-adrenergic and cholinergic receptors synergistically activates MAPK/ERK phosphorylation and enhances LTP induction (Watabe et el., 2000) . Alternatively, FAK activation may occur before NMDAR activation because a fourfold increase in FAK phosphorylation was observed as soon as 5 min after LTP induction. In addition, the observed increase in FAK, MAPK/ERK, and CREB phosphorylation was specific to LTP because baseline stimulation and LFS did not produce the same biochemical changes. On the other hand, blockade of mGluR by MCPG did not block LTP induction. It also did not prevent tetanization-induced FAK phosphorylation. The lack of an effect of MCPG on LTP induction is congruent with the report that theta burst stimulation-induced LTP is insensitive to MCPG (Brown et al., 1994) . In both cases strong tetanic stimulation was used. However, MCPG is shown to prevent weak stimulation-induced LTP. This is probably because, under weak stimulation, LTP induction requires the coactivation of NMDAR and mGluR, but under strong stimulation NMDAR activation is sufficient to induce LTP (Brown et al., 1994) . These results together suggest that LTP-induced FAK phosphorylation is NMDAR-and mGluR-independent.
In the present study we have demonstrated that transfection of the HA-FAK(Y397F) construct impaired LTP, whereas transfection of the HA-FAK(⌬1-100) construct reduced the threshold for LTP induction. What might be the mechanism underlying this reduced threshold? In analyzing the input-output relationship, we found that there is no significant difference in the amplitude of fEPSP between the control and HA-FAK(⌬1-100)-transfected group at any stimulus intensity that was examined. These results suggest that FAK does not change basal synaptic transmission of dentate gyrus neurons. FAK therefore may modulate the activity of other neurons to influence the threshold for LTP induction indirectly. This suggestion is supported by the finding that overexpression of fyn reduces GABAergic inhibition in hippocampal neurons (Lu et al., 1999) . On the other hand, although HA-FAK(⌬1-100) transfection decreased the threshold for LTP induction, HA-FAK(⌬1-100) itself did not induce longlasting potentiation (Fig. 2 B) . These results suggest that FAK is necessary, but not sufficient, to induce LTP. This result is different from the study showing that recombinant Src is sufficient to induce long-lasting potentiation and that this potentiation occludes LTP induction (Lu et al., 1998) . This is probably attributable to a more direct interaction between Src and the NMDAR than with FAK (Ali and Salter, 2001; Cheung and Gurd, 2001 ).
The present results showed that MAPK/ERK phosphorylation also was increased markedly 5 and 10 min after LTP induction, a time course parallel with FAK activation. MAPK/ERK once was thought to contribute to a late stage of LTP; however, there is now more evidence showing that MAPK/ERK also is activated transiently with LTP induction, and it regulates short-term synaptic plasticity Sweatt, 1996, 1997; Winder et al., 1999) . Further, MAPK/ERK activation with LTP induction seems to be the downstream event of FAK activation because transfection of the FAK mutant construct impaired LTP induction and ERK2 phosphorylation. These results also suggest that MAPK may be involved in an early stage of LTP consolidation. Evidence supporting this notion comes from the observations that integrin antagonist blocks LTP stabilization (Bahr et al., 1997) , and MAPK mediates integrin signaling (Chen and Guan, 1994) . These results are also congruent with the concept that the MAPK/ ERK signaling cascade is critical for both neuronal plasticity and memory consolidation (Impey et al., 1999) . A number of studies have implicated that CREB is a nuclear target of MAPK/ERK activation and CREB is involved in various forms of long-term memory formation (Silva et al., 1998) . In addition to MAPK/ERK phosphorylation 5-10 min after LTP induction, CREB phosphorylation was increased 40 min after LTP induction also. This result is consistent with the finding that CREB shows biphasic phosphorylation with LTP induction, with one peaked at 30 min and the other peaked at 2 hr (Schulz et al., 1999 ). This result also shows a dissociation between MAPK/ERK phosphorylation and CREB phosphorylation and suggests that NMDA receptor activation followed by MAPK/ERK activation and CREB activation may not be an essential pathway required for all forms of LTP. This suggestion is supported by several findings. For example, Winder et al. (1999) have shown that MAPK/ERK is required for LTP elicited by brief low-frequency stimulation but is not required for LTP produced by certain highfrequency stimulation. In another study Watabe et al. (2000) have shown similarly that MAPK/ERK inhibition does not block LTP induced by certain high-frequency synaptic stimulation. These results together suggest that MAPK/ERK does not play an essential role in various forms of LTP induction. In addition, the CREB mutant mice (CREB␣⌬ and CREBcomp) do not show deficits in hippocampal LTP induced by either low-frequency or high-frequency stimulation (Gass et al., 1998) , suggesting that CREB may not be required for all forms of LTP either. Further, application of MAPK/ERK inhibitor blocked LTP induction and CREB phosphorylation, and transfection of HA-FAK(Y397F) construct decreased CREB phosphorylation. These results suggest that CREB is a downstream molecule of MAPK/ERK activation and FAK activation with LTP induction. It is also consistent with another study showing that the MAPK-CREB pathway is involved in the control of LTP-dependent gene expression (Davis et al., 2000) . In the present study the effect of PD98059 on LTP and CREB phosphorylation is unlikely due to its effect on cell health and synaptic activity, because the concentration we used was 75 M; however, at least 50 M PD98059 is needed to inhibit LTP, and 100 M was demonstrated not to affect basal synaptic transmission of hippocampal neurons (Coogan et al., 1999) .
In summary, we have demonstrated that FAK plays an important role in LTP induction in dentate gyrus neurons in vivo and that MAPK/ERK and CREB are the downstream events of FAK activation. FAK may modulate LTP induction via enhanced tyrosine phosphorylation of NR2A and NR2B subunits. Whether FAK also is involved in learning and memory processes and other forms of synaptic plasticity requires further investigation.
